Chemical imaging applications using Laser Induced Breakdown Spectroscopy (LIBS) involve laser ablation sampling at interfaces or boundaries between materials with different thermophysical and optical properties, leading to the formation of two initially isolated plasmas. The mechanisms of mixing in these plasmas and their direct implications on spectral emission and chemical imaging remain largely unknown.
Introduction
Laser ablation (LA) is a very active field of research supported by widespread applications ranging from laser-induced breakdown spectroscopy (LIBS) [1] , LA inductively coupled plasma optical emission spectrometry (LA-ICP-OES) [2] , LA-inductively coupled plasma mass spectrometry (LA-ICP-MS) [3] , to pulsed laser deposition (PLD) [4] , laser-assisted material synthesis [5] and micromachining [6] . For analytical purposes, laser ablation has been recognized as a powerful tool for direct, real-time analysis of materials without sample preparation. During the past few years, LIBS, an optical emission technique, has emerged as a powerful real-time, chemical analysis tool [8] [9] [10] . The technique is based on the detection of spectral emission originating from a plasma formed following the interaction of a pulsed laser beam with a sample. LIBS enables three-dimensional chemical imaging and analysis of samples at atmospheric pressure and without sample preparation [11] [12] [13] .
Laser pulse duration is an important parameter in establishing the LIBS plasma properties. Unlike nanosecond-pulsed laser ablation with significant thermal behavior, femtosecond ablation is associated with non-linear absorption and non-thermal mechanisms leading to spatially confined laser-material analysis with suppressed thermal effects [14] [15] . These characteristics are ideally suited for high spatial (lateral) and axial (depth) resolution imaging and analysis [16, 17] .
One of the open questions in LIBS mapping and chemical imaging applications is the role of the sample chemical inhomogeneity on the analytical behavior. Specifically, the laser ablation crater size with respect to the surface roughness and chemical homogeneity of the sample is a very important parameter.
For example, when the length scale (beam size) of laser sampling is commensurate to that of the sample chemical heterogeneity, the laser-material interaction, plasma expansion and subsequent spectral emission detection is likely to be influenced at the interface between media with different optical, thermal and physical properties.
There is little known about the spatial and temporal mixing between emitting species within different parts of a laser-induced plasma. Understanding the mixing behavior can be critical to optimizing LIBS signal acquisition with a proper time window, and suitable collection position. Sufficient intermixing between multiple elements to produce a homogeneous plasma has significant advantages for applications in laser ablation chemical analysis as well as in laser ion sources and pulsed laser deposition using multicomponent targets.
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In this work we studied spatio-temporal plasma separation and mixing processes at the interface between two model materials, using femtosecond laser ablation. How these processes affect femtosecond LIBS emission is also investigated. Direct plasma imaging of elements of interest and fs-LIBS analysis are used to study the plasma expansion front, expansion and mixing velocities, excitation temperature and electron density of each component in the laser induced plasma. These findings demonstrate the importance of carefully selecting laser sampling and detection parameters in chemical imaging applications with LIBS.
Experimental
A schematic view of the experimental setup for time-resolved imaging of the laser-induced plasma is shown in Figure 1 . A Ti:Sapphire (800 nm) femtosecond laser (Astrella, Coherent) was used as the ablation source, delivering 46 fs, 3.5 mJ pulses at a repetition rate of 1 Hz. The laser beam was directed normal to the sample surface by 45 o mirrors and focused by a plano-convex lens (f=150 mm). In order to avoid air breakdown by the laser pulses, the laser focus position was set 3.5 mm below the sample surface. In this configuration, the diameter of the crater was about 0.2 mm and the irradiance was approximately 2.4×10 14 W/cm 2 .
A Cu/Sn-Pb/Cu three-layer sample was constructed for this work. Two polished pure copper plates (99.95% Cu, Goodfellow) were welded with a Sn-Pb alloy (60% Sn and 40% Pb, Kester) intermediate layer. The thickness of each layer was 3 mm. The three-layer sample was subsequently mechanically polished with silicon carbide (SiC) papers of different grades to ensure a flat surface and then ultrasonically cleaned using ethanol. The resulting average surface roughness Ra was determined as 0.02 µm by using white light interferometry. A Cu region, a Sn-Pb region, and a Cu/Sn-Pb interface region were selected for the ablation studies. Specifically, in the case of the Cu/Sn-Pb interface, the center of laser beam was placed at the interface between Cu and Sn-Pb (inset of Figure 1 ). The sample was mounted on a high precision X-Y-Z translation stage to provide a fresh sample surface for each test, and the sampling position and laser ablation process were monitored via a CMOS camera.
The time resolved expansion of the laser-induced plasma was investigated by using a Czerny-Turner spectrograph (1250 M Series II, Horiba Jobin Yvon) with a 1250 mm focal length coupled with an intensified CCD (ICCD) camera (PI MAX 1300, Princeton Instruments), A grating of 1200 grooves/mm was used for this work. The ICCD was directly triggered by the fs laser and the relative delay was 4 controlled by the camera. An objective lens (LMU-3X-UVB, Thorlabs) was used to image the plasma onto the entrance slit of the spectrograph / ICCD camera system. The optical axis of the spectrometer was oriented along the x-direction parallel to the sample surface, and aligned parallel to the Cu/Sn-Pb interface (cf. Figure 1 ).
For imaging of the fs laser-induced plasma, the spectrometer was set to zero-order and its entrance slit was widened to 3 mm to record the entire plasma emission. A narrowband FB380-10 filter (center wavelength 380 nm, FWHM 10 nm) and an FL514.5-10 filter (center wavelength 514.5 nm, FWHM 10 nm) were sequentially placed in the detection optical path to collect the Sn and Cu atomic emission, respectively. By using a calibrated fine-resolution test target (1951 USAF Target, Thorlabs), the magnification and pixel calibration of the combined ICCD spectrometer and imaging lens system were directly measured as 6× and 3.3 µm/pixel, respectively. The system provided enough depth of field to clearly resolve the expanding plasma.
For wavelength-resolved plasma imaging studies, the entrance slit of the spectrometer was set at 120 µm to collect enough photons while providing sufficiently good spectral resolution for LIBS analysis.
Because the magnification of the system was 6×, the spectrometer-detector system measured a 20 µm-wide slice of the plasma, located along the Z direction (vertical plasma expansion direction - Figure 1 ).
In order to record the emission from different sample positions along the Y direction, the imaging objective lens was translated along the Y axis. Following ablation, the crater profiles were measured using white-light interferometry (New View 6K, Zygo Corporation). The ablation depths per pulse of Cu and Sn-Pb were approximately 0.2 and 1.4 µm/pulse, respectively.
Results and Discussion

Femtosecond laser-induced plasma imaging
ICCD imaging provides two-dimensional snapshots of the expanding laser-induced plasma. Figure 2 shows time-resolved images of pure Cu, Sn-Pb and Cu/Sn-Pb plasmas acquired under the same experimental conditions. Representative images were captured after the laser pulse (t=0) at different gate integration widths. After conditioning the surface with 5 laser pulses, 20 individual ICCD images were recorded at the same delay time, at every distinct sampling location. For clarity, each image is normalized to its maximum intensity.
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Figures 2a and 2c show the images of Cu atomic emission at the Cu/Sn-Pb interface and from pure Cu ablation, respectively. The images were captured using a dielectric narrow bandpass filter centered at In order to investigate the mixing behavior within the plasma at early times, the continuum emission was subtracted from the total emission signal. Time-and space-resolved spectra were acquired to obtain the ratios of the peak intensity of emission lines over the total emission intensity in order to correct the ICCD images. Five distances across the Cu/Sn-Pb plasma along the Y horizontal direction (Y=-150, -75, 0, 75 and 150 µm) were selected. The position of the detection system objective lens was adjusted for every location to ensure that the entire spectral emission was captured accurately.
In ensure that plasma trapping in high-aspect ratio craters would not take place, and thereby impact the imaging and spectral emission detection [18] .
The atomic emission ratio matrix was calculated by analyzing spatially-resolved emission data at different times. A computer program was developed to process the spatio-temporal distributions of Cu and Sn atomic emission from the raw ICCD image data and calculate the space-resolved atomic emission ratio matrices. The calibrated spatial distributions of the time-integrated atomic emission from the Cu and Sn plasmas are shown in Figure 4 . In order to compare images at different delay times on a same scale, each image has been normalized to its own maximum intensity.
Atomic and ionic line emission at early times (delay ≤ 50 ns) could not be readily identified and isolated from the strong plasma continuum. The atomic line emission became distinct after approximately 50 ns.
However, mixing between the Cu and Sn-Pb alloy expanding plasmas is already observable at this early time, likely from the initial lateral (horizontal) expansion of the laser ablated plasma, causing atoms with sufficient horizontal kinetic energy to travel into the other hot and dense plasma region at early times.
At later times, the degree of mixing is significantly enhanced.
In 
expansion, the plasma slowed progressively in both directions due to resistance from collisions with the surrounding gas (ambient air). The outward plasma expansion behavior is in good agreement with the drag model, which is given by [20, 21] 
R(t)=RS[1-exp(-bt)]
where Rs is the stopping distance of the plasma, and β represents the slowing coefficient (Rs =ν0/β, ν0 being the initial velocity).
A comparison of the time-resolved horizontal mixing behavior of the Cu and Sn plasmas (MCu, MSn) is shown in Figure 5b . After 50 ns, the plasma horizontal mixing position for both plasmas followed a linear behavior as a function of time, indicating a relatively free expansion of one plasma component into the other [22] . However, at later times (> 300 ns), the mixing process between the Cu and Sn-Pb plasma components was significantly faster than the outward horizontal plasma expansion.
To quantify the percentage of mixing, we introduced the mixing degree (r) of the plasma emission as the percentage of IM, which representing the atoms having crossed the vertical plane/interface (Y=0), over the total atomic emission IT. The value of r lies between 0% and 50%; for an r-value of 0%, no emitting species have crossed the interface to infiltrate the opposite plasma and an r-value close to 50% corresponds to complete homogeneous mixing between the two plasmas. The degree of mixing as a function of time is shown in Figure 5d . Approximately 19% of emitting Cu atoms crossed into the Sn-Pb plasma region at 75 ns, when only very weak atomic line emission is observed. Similarly, about 14% of the emitting Sn atoms transitioned into the Cu plasma area at the same time, indicating that the mixing process between the two plasmas was initiated at a time scale of tens of nanoseconds. However, sufficient mixing between the two components (mixing ratio of approximately 50%) was not observed until 1200 ns, which 8 corresponds to the overall persistence time of plasma emission. At 1200 ns, Cu and Sn plasmas mixed adequately, corresponding to a nearly homogeneous distribution of two species in the plasma.
Plasma properties: electron density (ne) and excitation temperature (Texc)
The electron density (ne) and the excitation temperature (Texc) are important physical parameters, which can be used in understanding the mixing behavior between emitting species. The electron density can be determined from the spectral line widths, and is affected by the broadening mechanisms originating from the surrounding plasma environment. These atoms and ions are placed under the influence of electric and magnetic fields by moving electrons and ions in addition to electron-atom, ion-atom and atom-atom collisions. Under the present experimental conditions, the contribution from Doppler broadening due to thermal motion of the emitting species was estimated to be in the order of 0.001 nm, which is much less than the observed Stark broadening (Figure 3) , and therefore, can be neglected. Spectral line broadening in the laser-induced plasma is dominated by Stark broadening due to the electric fields produced by charged particles [23] . where w is the Stark broadening parameter (or the electron impact half-width). To enhance the collection efficiency of emission light, the narrowband filter was removed to acquire spectra for the electron density calculation. To provide higher temporal resolution, the gate width was fixed at 100 ns and the gate delay was increased in a step size of 100 ns. Due to the lack of information about the Stark broadening parameter of the Sn I transition (5s 2 5p 2 -5s 2 5p6s) at 380.10 nm, the Pb I (6s 2 6p 2 -6s 2 6p7s) at 368.35 nm and Cu I (3d94s2-3d104p) transitions at 510.55 nm were chosen to determine electron density in the Sn-Pb and Cu mixed plasmas, respectively. Lorentz curve fitting was used to evaluate the FWHM of the Pb and Cu lines.
The w parameters of the selected Pb and Cu lines are 1.43 Å and 0.43 Å, respectively. The uncertainties are within 23% and 50%, respectively [24, 25] .
Figure 6a
shows lateral profiles of the electron density obtained at a 100 ns time delay. As can be seen, a relatively high electron density existed in the center line-of-sight region of the plasma. Similar distributions of electron density were obtained for later delay times. In all cases, the interpenetration region between the two mixed plasmas maintained a relatively high electron density. The temporal dependence of electron density in the plasma center (line-of-sight) is shown in Figure 6b . The average electron density at the plasma center (Y=0 µm) decayed from 1.9×10 16 cm -3 to 4.8×10 15 cm -3 in the time range from 100 ns to 500 ns. The temporal decrease in the electron density follows neµt -0.87 , which is similar to the attenuation of densities previously reported in fs laser ablation of Cu [17] .
The plasma temperature was calculated using the Boltzmann plot method, assuming that the plasma is in Local Thermodynamic Equilibrium (LTE). The excitation temperature (Texc) can be determined by [26] :
where Iij, λij, Aij, gi, and Ei are the intensity, wavelength, transition probability, statistical weight, and profile of the temperature obtained at a delay time of 100 ns is shown in Figure 6a . The temperature exhibited an obvious drop at the outer edges of the plasma, where the electron density was also relatively low. During plasma expansion, atoms were compressed against the surrounding gas, and the outer plasma emission species were cooled by collisions with the ambient air. The evolution of the measured plasma excitation temperature as a function of delay time is shown in Figure 6b . The average plasma excitation temperatures at the interface (Y=0 µm) and Cu mixed plasma center (Y=-66 µm) were found to decrease with a similar decay, proportional to t -0.22 and t -0.25 from approximately 12000 K to 8000 K, as the delay time increased from 100 to 700 ns, meanwhile the Cu plasma mixing degree increased from about 19% to 37%. These results show that the plasma core from the Cu plasma center to the Sn-Pb plasma center maintained a relatively high temperature and electron density during the mixing between the two plasmas.
Conclusion
We studied the interfacial mixing dynamics of two isolated laser-induced plasmas formed at the boundary between two metals (Cu and Sn-Pb) using femtosecond laser ablation. Unlike the outer horizontal and vertical plasma expansion velocity which changes with time, mixing processes occurred with a fairly constant speed (vM) of ~10 4 cm/s. Interfacial plasma mixing processes are very important at early times in these fs-plasmas, and continue taking place until the very end of the plasma persistence. The two model metals used in this initial study were purposely chosen to have nominal surface roughness so as to evaluate solely the plasma mixing processes, without accounting for morphological variations over the sample which are likely to further affect the plasma mixing processes and chemistry. This work provides insights into the importance of interfacial mixing processes, which should be carefully evaluated as potentially 
